undergoing an initial short-lived expansion and a subsequent prolonged contraction 23 phase. Strong volcanic forcing therefore emerges as a potential source of inter-24 hemispheric interannual-to-decadal climate variability, although the inter-hemispheric 25 signature is weak in the case of historical-size eruptions. The post-eruption inter-26 hemispheric decadal asymmetry in sea ice is interpreted as a consequence mainly of 27 different exposure of Arctic and Antarctic regional climates to induced meridional heat 28 transport changes and of dominating local feedbacks that set in within the Antarctic 29 region. "Supervolcano" experiments help clarifying differences in simulated hemispheric 30 internal dynamics related to imposed negative net radiative imbalances, including the 31 relative importance of the thermal and dynamical components of the sea-ice response. 32 "Supervolcano" experiments could therefore serve the assessment of climate models' 33 behavior under strong external forcing conditions and, consequently, favor advancements 34 in our understanding of simulated sea-ice dynamics. 35
Introduction 37
Polar regional climates are in the focus of Earth system investigations owing to their 38 strong sensitivity to external forcing and associated implications for the global climate. 39
The so-called "polar amplification" of climate signals is mainly a consequence of positive 40 feedbacks involving snow cover and sea ice, and it emerges more robustly in the 41
Northern than in the Southern Hemisphere [e.g., Parkinson, 2004] winds and ocean currents. This system makes Antarctic sea ice strongly subject to 50 equatorward drifting and melting -which explains its weak persistence -while limiting 51 its exposure to global changes and associated anomalous atmospheric and oceanic 52 meridional heat flows [e.g., Zhang, 2007 Zhang, , 2013 . Still, important processes driving this 53 critical component of the Earth system remain unresolved and, hence, not robustly 54 simulated by coupled global circulation models and Earth system models [e.g., Maksym 55 et al., 2012; Turner et al., 2013; Knight, 2014] . Aiming at a better understanding of 56 simulated global sea-ice behavior and of its sensitivity to external forcing, this study 57
investigates the decadal evolution of Arctic and Antarctic sea ice in a set of idealized 58 volcanically-forced experiments conducted with a full-complexity Earth system model. 59
Focus is on inter-hemispheric differences in the sea-ice response. 60
Observations covering the past three decades point to an inter-hemispheric 61 asymmetry in recent sea-ice cover evolution: While the decline in Arctic total sea-ice 62 cover is among the most notable features related to present climate change [e.g., Notz and 63
Marotzke, 2012; Stroeve et al., 2012; Wang and Overland, 2012] , the Antarctic total sea-64 ice cover has remained steady, or even increased slightly so calculated AOD and R eff values are used as external forcing in MPI-ESM. Due to 253 subsequent temporal interpolation of input data by ECHAM5, in MPI-ESM the eruption 254 is tailed in the month preceding its occurrence in ECHAM/HAM. 255
In all simulations, the time-dependent AOD and R eff values are used to calculate 256 online the optical parameters of the ECHAM5 radiation scheme, including extinction, 257 single-scattering albedo and asymmetry factor for the six solar bands (0.185-4 µm), and 258 extinction for the 16 long-wave wavelength bands (3.3-100 µm). Aerosol sizes are 259 assumed to be distributed with a constant standard deviation of 1.8 µm. 260
The global-average air surface temperature drop after the 1991 Pinatubo eruption 261
in sensitivity experiments conducted with MPI-ESM is comparable with observations 262 [Timmreck et al., 2009] . Global and hemispheric near-surface air temperature changes in 263 a full-forcing COSMOS-Mill simulation ensemble around the Tambora eruption 264 employing the same volcanic forcing input as the HIST2 ensemble are compatible with 265 estimates from observations and reconstructions [Zanchettin et al., 2013a] . 266
Responses are diagnosed through analysis of ensemble-averages. For time series, 267 we use deseasonalized and then low-pass filtered values. Seasonality is computed based 268 on control-run data and then subtracted from all data. Filtering consists of 3-month 269 centered running-mean for atmospheric variables, and 13-month centered running-mean 270 for oceanic and sea-ice variables, unless specified otherwise. Anomalies are evaluated as 271 deviations from the pre-eruption climatology, defined as the mean climate state during 272 the ten years/winters/summers preceding the eruption. Post-eruption years are 273 progressively numbered starting from the year of the eruption, which is defined as year 0. 274 A Monte-Carlo approach is used to estimate the statistical significance of the 275 forced signals [e.g., Graf and Zanchettin, 2012] . Specifically, the ensemble-average 276 signals obtained from an ensemble of n forced simulations are compared with a large set 277 of analog ensemble-average signals (here 500) obtained by randomly sampling n years 278 along the whole length of the control run. The empirical distribution yielded by these 279 analog ensemble-average signals describes probabilistically the range explicable by 280 internal variability alone, which we also interpret as the confidence level of 281 corresponding signals in the forced ensembles having occurred by chance. We consideras reference the 98% range (i.e., 1 st -99 th percentile band) of such distribution in order to 283 have a conservative estimate of internal variability signals. Since the procedure is only 284 based on the random selection of years, the autocorrelation is preserved in the estimation 285 of the significance. 286
Total sea-ice area in the Arctic and in the Antarctic is calculated as the areal sum 287 of sea ice covering the ocean in the Northern and Southern Hemispheres, respectively. 288
Analogously, total sea-ice volume is defined as the sum of local (i.e., grid-point) products 289 of grid-cell area and grid-cell-average sea-ice thickness. The sea-ice edge is defined as 290 the line denoting the sea-ice extent margin, i.e., the area enclosing sea-ice concentrations The meridional atmospheric energy transport around 60°N and 60°S are defined, 303
following Keith [1995] , as the zonal integral at, respectively, 61.23°N and 61.23°S of the 304 convergence of the atmospheric energy transport vector F A , which can be written for 305 latitude λ as: 306
where dp and dx represent, respectively, the integral along pressure levels and longitudes, 308 c p T + Φ represents the dry static energy, with the specific heat of the atmosphere at 309 constant pressure c p , temperature T, and geopotential Φ. The moist static energy is 310 depicted by c p T + Φ + Lq, with latent heat of evaporation/condensation L, and specific 311 humidity q. The horizontal wind vector is represented by v. As kinetic energy k is 312 typically a small component of the energy budget, it is ignored in the following. The 313 small latitudinal difference between atmospheric and oceanic heat transport calculations 314 is of negligible concern, since we do not aim to close the energy budget for the two 315 regions. 316 317
Results 318

Imposed forcing and global/hemispheric responses 319
The imposed forcing is very well constrained within each of the four ensembles (Figure 320 to a slightly stronger forcing than SUPER1 in the net radiative flux estimate (Figure 1c) . 328
This highlights the dependence of the net forcing on the shape of post-eruption evolutions 329 of the shortwave and longwave radiation flux anomalies, since these have otherwise 330 similar peak values in the two ensembles (Figure 1a,b) . The evolution of radiative fluxes 331 is directly linked to the evolution of the volcanic aerosol mass, which builds up slower 332 during the first post-eruption months in SUPER2 compared to SUPER1 (not shown). 333
This seems to be the key to understanding the differences between the two 334 "supervolcano" ensembles and the distinguishing traits of the former. The positive net 335 flux anomaly around lags of 42 to 78 months is mainly a consequence of the ocean 336 releasing less latent heat to the atmosphere [Timmreck et al., 2010; Zanchettin et al., 337 2013a] . 338
On the global scale, the four ensembles depict significant post-eruption drops in 339 surface (2 meters) air temperature and precipitation (Figure 2a (which is reported in Figure 3 ). Initially, a short-lived Antarctic sea-ice area increase 393 occurs approximately within the first two post-eruption years, which is not accompanied 394 by a significant increase in sea-ice volume. This means that, in contrast to the Arctic sea-395 ice response, there is no post-eruption net build up of Antarctic sea-ice mass. As we will 396 further discuss in section 3.3, the areal expansion likely results in good part from a 397 dynamic response of the Southern Ocean's sea ice, which is advected over a larger area. 398
This initial expansion phase is followed by a rebound retraction phase of similar 399 amplitude and longer duration (Figure 3b ), which is characterized by a drastic reduction 400 in the total sea-ice volume (Figure 3d In the Southern Hemisphere, the atmospheric energy transport into the Antarctic 549 region is significantly reduced between about 2 and 8 years after the eruption (Figure 8c) , 550 reflecting the evolution of anomalous equator-to-pole surface temperature gradient 551 (Figure 7a) . In absolute values, the associated peak post-eruption anomaly is about half of 552 its Arctic counterpart (compare panels a and c of Figure 8 ). An initial, short-lived 553 response is diagnosed in the estimated dry static atmospheric energy transport, 554 compatible with the surface and tropospheric cooling simulated around these latitudes 555 (compare Figure 7a) , which is evidently compensated by an increase in the atmospheric 556 latent heat component. Oceanic heat transport into the Antarctic is characterized by 557 strong interannual variability in its post-eruption anomalous evolution as well as by 558 strong internal variability compared to its Arctic counterpart (compare ranges in Figure8b ,d). As a consequence, despite peak anomalies about twice those diagnosed in the 560 Arctic, the post-eruption ocean heat transport into the Antarctic remains mostly within 561 the internal variability range. The most significant feature is a temporary reduction in the 562 total poleward transport around lag of 48 months (Figure 8d) . As for the Northern 563
Hemisphere, at these latitudes oceanic transport is dominated by the gyre component. 564
In summary, both polar regions feature a post-eruption decrease in the energy 565 import. However, the decrease is overall more significant for the Arctic due to an overall 566 more constrained oceanic internal variability range and to constructively superposing and 567 comparable contributions from the atmosphere and the ocean, the former being pivotal in 568 the initial response phase and the latter dominating the response thereafter. For the 569 Antarctic, both oceanic and moist atmospheric energy transports remain initially 570 unaffected, pointing towards dynamical circulation changes as cause for the initial 571
Antarctic sea-ice response. Furthermore, the relevance of the ocean for the post-eruption 572
Antarctic energy budget and its attribution to the imposed forcing is hampered by its 573 strong internal variability. It is therefore important to relate anomalous ocean meridional 574 heat transports to dynamical changes in the oceanic circulation. 10b) due to the persisting cold anomaly (compare Figure 7a) . Insulation from the 592 meanwhile advanced sea-ice edge confines the extent of the deepening region ( Figure  593 10b), exemplifying how the sea-ice evolution is fully embedded within the general 594 coupled atmospheric/oceanic response mechanism. We further note that at this later 595 stage, the anomalous patterns of both surface energy fluxes and near-surface atmospheric 596 circulation do not reveal robust large-scale features (not shown), confirming the 597 predominant role (relative to the atmosphere) of the anomalous decadal oceanic evolution 598 for sustaining the post-eruption Arctic sea-ice anomaly. 599
In the Southern Hemisphere, the initial Antarctic sea-ice response is a dynamical 600 consequence of a strengthened circumpolar westerly circulation along the sea-ice 601 margins. This feature is especially evident in austral winter (Figure 11b Enhanced deep convection still takes place in the Weddell Sea region during the 642 second response phase (Figure 10d ), though its magnitude and extent are reduced 643 compared to the initial anomaly. Again, the causal chain for this behavior cannot be fully 644 clarified based on our experiments alone allowing for tentative hypotheses only. We 645 accordingly interpret the strengthened oceanic convection as a likely consequence of 646 locally strengthened surface exchange processes (Figure 12c ) favored by the meanwhile 647 decreased winter sea-ice area (Figure 6d ). We thus regard the negative sea-ice anomaly as 648 the closure element of the feedback mechanism characterizing the post-eruption ocean-649 atmosphere evolution in the Weddell Sea region (i.e., the regional anomaly persists until 650 the anomalous large-scale atmospheric circulation sustains a local sea-ice reduction). 651
Summarizing discussion 653
In this study we used ensemble climate simulations performed with the COSMOS-Mill 654 version of the Max Planck Institute-Earth system model (MPI-ESM) to investigate the 655 decadal response of Arctic and Antarctic sea ice to volcanic perturbations. We considered 656 volcanic eruptions of different magnitude, ranging from historical-size to 657 "supervolcano"-size, the latter with different characteristics, including tropical and extra-658 tropical locations. In all ensembles a sustained, largely thermally-driven expansion is 659 robustly simulated for total area and volume of Arctic sea ice. Amplitude and duration of 660 the anomalies essentially depend on the magnitude of the imposed forcing. In contrast, 661 the simulated response of Antarctic sea ice is elusive for the historical-size eruptions, 662 while "supervolcano" eruptions induce an initial short-lived, mostly dynamically-driven 663 Antarctic sea-ice expansion which is followed by a prolonged retraction phase. For both 664 historical and "supervolcano" eruption-types we diagnose, therefore, an inter-hemispheric 665 asymmetry in the simulated post-eruption decadal evolution of sea ice. 666
In the case of a "supervolcano" eruption, the asymmetry primarily derives from 667 Antarctic sea-ice volume through increased ridged ice production [Zhang, 2013] . The 737 post-eruption initial resilience of total Antarctic sea-ice volume may therefore reflect a 738 truly distinct dynamical behavior related to extremely strong volcanic forcing, but it may 739 also reflect poor representation of near-surface atmospheric circulation. This is important 740 for the case discussed here, given also the marked seasonal character of Antarctic sea-ice 741 response to the volcanic perturbation during the delayed contraction phase (Figure 4d) . 742
The timing of the strongest post-eruption surface cooling at equatorial latitudes, 743 delayed with respect to that at mid-latitudes strongly contributes to the post-eruption 744 strengthening of meridional gradients (Figure 7 ). This equatorial cooling has a strong shown by different models, ocean/sea-ice mechanisms during the sea-ice growth phase 776 are strongly interrelated with oceanic stratification and ocean vertical heat transport. In a 777 weakly stratified Southern Ocean, ice melting from ocean heat flux decreases faster than 778 the ice growth, leading to an increase in the net ice production and hence an increase in 779 ice mass [Zhang, 2007] 
